Many recent clinical studies of the His-Purkinje system have utilized intracardiac catheter recordings. This study describes a technique for recording activity of the ventricular specialized conduction system from the body surface. Unlike the standard electrocardiographic signals, approximately one mV at the body surface, the electrical activity of the His-Purkinje system is in the microvolt range at the body surface.
Signal averaging
A-V conduction Atrial pacing information would represent a significant advance.
In accordance with standard volume conductor theory' the potentials generated by the His-Purkinje system should propagate to the body surface. However, these potentials are too small to be measurable with the amplification conventionally applied to electrocardiography. A direct solution would be the use of greater amplification of the ECG signal. This approach will not be satisfactory if the signal of interest and noise are of the same order of magnitude. If there is no improvement of the signal-to-noise ratio, the signals would remain unrecognized. A similar problem of small signal detection occurs in the neurological sciences where the signal source is the brain. For many years, workers in that field have employed signal averaging as a method of improving the signal-to-noise ratio of periodic signals. 2 3 Signal averaging has been used to extract the fetal ECG,4 where the mother's ECG is considered to be noise. Also, several reports5-9 have described the use of signal averaging to enhance the fidelity of recording of the P wave. In these examples, standard electrocardiographic complexes were delineated, e.g., P, QRS, and T complexes. Schmitt'O in 1964 proposed that signal averaging be used with leads in close proximity to the heart to record "higher order components." However, no specific recordings were shown. In our studies"' 12 potentials at the body surface generated by the heart were highly amplified and averaged for the purpose of distinguishing potentials originating from the His-Purksinje system during the P-R segment.
Theory and Methods

Theory
Signal averaging can be used with periodic signals to improve the signal-to-noise ratio. Essentially, a signal averager stores information during a designated interval and sums the information of successive intervals. In this way random components of the stored information such as noise will average to zero but the desired signal will accumulate. Division of this sum by the number of cycles will yield an ensemble average. There are certain criteria that must be met before the average can be considered to be a valid representation of the original signal. The contaminating noise must be random, i.e., the magnitude of the noise must have a Gaussian distribution. Also, the signal of interest must be periodic or must be associated with an event such as a trigger pulse which will activate the averaging equipment.
The improvement of the signal-to-noise ratio is primarily dependent upon the number of cycles to be summed. It has been shown3 that the signal-to-noise ratio improves in proportion to the square root of the number of cycles to the average.
S/N =Vm S(t)I/N(t) lm
where m is the number of cycles and t represents any instant of time. For example, if 100 cycles were added, then the signal-to-noise ratio would improve by a factor of ten.
Methods
Adult mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg). A bipolar catheter was inserted into the right atrium for pacing at desired cycle lengths, in order to insure a periodic heart rate. The second output from the pacer (Grass S88 and SIU5 isolator) was used for triggering the signal averager. A bipolar lead was also inserted into the heart to record the standard His bundle electrogram.13 A bipolar lead was used with the positive pole on the left lateral chest wall at the level of the fourth intercostal space and the negative pole was anterior and just to the right of the sternum. A strict standardization of leads was not attempted in this study. A differential amplifier (E for M, model EEP) was the first stage of amplification. The second stage was a variable bandwidth amplifier/filter (Krohn-Hite 335) whose output was directed into a high voltage amplifier (Philbrick 1022). The final output was then processed by a signal averager (Hewlett-Packard 5480). The total gain was between 100,000 and 200,000 times. Most of the data was obtained using a bandwidth between 80 and 300 Hz. Depending upon the amount of noise present at the input the number of cardiac cycles averaged was between 128 and 1024. A block diagram of the system is shown in figure 1.
Figure 1
Block diagram of the system. The E for M EEP channels provides the first stage of amplification for the electrocardiogram (ECG) and His bundle electrogram (HBE). The ECG lead is filtered (Krohn-Hite 335) and further amplified (Philbrick 1022) before being sent on to the signal averager (SAL). The Tektronix oscilloscope is used for monitoring the time between the trigger pulse and the QRS. SAL = surface averaged lead.
Circulation, Volume XLVIII, The heart was paced at different rates to alter A-V niodal conduction time.'4 Stability of A-V nodal conduction at any given rate was determined by observing the timing of the QRS complex on the fast sweep of an oscilloscope (Tektronix 568) which was triggered by the pacer spike. Procainamide (30-60 mng/kg) was administered intravenously to alter conduction in the specialized conduction system.
Results
In five dogs (of 15) in which A-V conduction time was relatively constant (+ 2 msec), activity was consistently recorded (five of five) for an interval of 26 to 40 msec before the QRS. An example of a recording of the highly amplified and averaged lead in relation to the His bundle electrogram and standard ECG lead is shown in figure 2 . The deflections between atrial (A) and ventricular (V) activity, which begin almost simultaneously with the His bundle deflection (H), will be defined as the G complex. Preceding the G complex there is a period of relative inactivity after the A deflection.
The G complex consistently retained its morphology and temporal relation to ventricular activity at different paced rates despite alteration in the relationship of atrial and ventricular activity. Electrical activity during the P-R segment as recorded by the highly amplified, filtered, and averaged bipolar chest lead (SAL), the same lead at conventional gain and filter settings (ECG), and the His bundle electrogram recorded by the electrode catheter (HBE). The SAL shows large deflections coincident with activation of atrial muscle (A) and ventricular muscle (V). The Temporal relationship of C complex, His bundle deflection, and atrial and venticular deflections. Labels used are as described in figure 2 . The G complex retains a close temporal relationship with the His bundle and V, but not with the A for three different heart rates. ventricular activity was paralleled by a similar constancy in the relationship of the His bundle deflection with ventricular activity, despite changes in A-V conduction time. Figure 4 illustrates these temporal relationships at different paced rates. Prolongation of conduction through the His-Purkinje system by procainamide resulted in a corresponding prolongation of the G complex. This change in the G complex was directly proportional to the change in the H-V time. There was also a change in configuration of the G complex after administration of procainamide. An example of the effect of procainamide on the G complex and on the H-V time is shown in figure 5 . Table 1 summarizes the data obtained before and after procainamide administration. The mean H-V time and the C-V intervals were identical in the control state, 29 + 2 msec. The configuration of the C complex was relatively constant at all paced rates and remained in a fixed relation to ventricular activity as the A-V conduction time lengthened. After procainamide administration there was a significant increase in the H-V interval with a corresponding increase of the G-V interval (H-V = 37+3, C-V = 36 + 3 msec). Control   1  180  30  31  2  200  30  30  3  220  30  30  4  210  27  28  5  250  30  30  6  260  30  30  7  140  28  26  8  220   28   26  9  225  29  26   29 2  29 2  Procainamide   1  200  32  33  2  200  35  32  3  135  38  37  4   150   41  40  5  105  37  37  6  135  37  38  7  150  38  38  37 3  36 Figure 6 shows the effects of varying bandwidth on the averaged signal. Each panel was obtained with a different low frequency cut-off point. There are three traces in each panel. The top trace is the standard ECG, the second trace is the standard His bundle electrogram, and the bottom trace is the averaged surface lead. As the frequency cut-off is lowered the G complex becomes further obscured. The low frequency components are so large that the gain had to be decreased in order to keep the traces on the screen. Thus the filtered His-Purkinje wave may be the only way to be able to recognize a distinct G complex.
In figure 7 the effect of the number of averages on the resultant signals is shown. A series of panels is shown with highly amplified leads, after an increasing number of averaged cycles. At 128 cycles Circulation, Volume XLVIII, the G complex appeared to be stable with little or no improvement at 512 averages.
Discussion
In order to evaluate the data obtained, examination of the validity of signal averaging in this application is necessary. The noise originates from three sources: 1) physiological noise such as muscle tremor; 2) 60 Hz noise and its harmonics; and 3) electronic noise from the measuring equipment. Physiological noise in general is random with respect to the cardiac cycle. Such noise may be due in part to contraction of the intercostal muscles during respiration. Since the respiratory cycle and the cardiac cycle are not synchronous, any electrical activity associated with breathing will appear as random and therefore average to zero. With the Effects of filtering low frequency components of the surface averaged lead (SAL). The low frequency cutoff was changed from 80 Hz in panel A to 10 Hz and 0.1 Hz in panels B and C respectively. Not only did the larger low frequency components become more evident, but the gain had to be reduced by a factor of ten in panel B and 100 in panel C in order for the trace to remain on the screen and so as not to saturate the recording amplifiers. The result was loss of definition of the C complex. animals under anesthesia, a mechanical respirator reduced the possibility of this type of artifact. The ubiquitous 60 Hz and its harmonics are a source of noise that plague all low level biophysical measurements. There are many ways to combat this type of interference based upon good amplifier design and grounding schemes. 15 Despite all the precautions some of this noise will appear, but it can be reduced by averaging. Paced heart rates which were synchronized with 60 Hz or its harmonics were avoided. Occasionally the rate had to be changed slightly in order to prevent this synchronization. Evanich et al. ' The number of cycles averaged in order to obtain a reproducible G complex. Panel A is the recording of one cycle of the surface averaged lead (SAL) and panel B is the recording after 128 cycles. The signal-to-noise ratio improved by about a factor of 11. After 512 cycles the improvement of the signal-to-noise ratio is about twice that after 128 cycles. There is no change in configuration of the SAL's in panel B and C, indicating that 128 cycles was all that was necessary for a valid average in this case.
but as the number of added cycles increase, these limitations are reduced. Specifically they warn that the probability density function of such noise is not Gaussian and therefore will never average to zero except in very special cases. They point out that if an average contains components due to an asynchronous periodic noise repeated averages will Circulation, Volume XLVIII, show different configurations. Close examination of the data in figure 3 reveals that the G complex has an internal consistency present in the repeated averages in each panel and also at each different heart rate. This indicates that the G complex is not artifactually induced by asynchronous periodic noise. 
'.'1
The third type of noise is inherent in all electronic measuring equipment. It is random in nature and its over-all magnitude depends upon the bandwidth employed. For the narrow bandwidth used in obtaining the data this noise was determined to be negligible.
It is unlikely that the G complex represents residual noise after averaging. The amplitude of the deflections of the G complex was five to ten times the amplitude of the deflections of residual noise during the quiescent period ( figure 3C) . Also, and most important, the configuration of the G complex was reproducible on repeated averages, whereas residual noise was variable.
In some animals atrial activity extended into the beginning of the G complex, i.e., there was a continuum of activity in the P-R segment. Indeed, only during pacing at the higher rates was there a relatively quiescent period between atrial activity and the G complex. When A-V conduction was rapid, portions of atrial activity might distort or obscure the G complex. It is possible that some of the atrial activity that extended well into the P-R segment may be the atrial T wave. Sivertssen17 has used signal averaging to study atrial repolarization. waves from an intracardiae catheter and this wave has been known to appear on the standard ECG in patients with complete heart block. This wave, being atrial in origin, would not show the same time relationship to the QRS at different pacing rates.
Consequently, the atrial T wave or any other potentials associated with atrial activity cannot be considered to be the source of the G complex.
Another possible source of the G complex might be ventricular muscle since this complex is temporally linked to the QRS. However, activation of ventricular muscle simultaneously with the His bundle would be incompatible with accepted concepts of atrioventricular conduction in the normal dog. Therefore one could not ascribe the earliest portions of the G complex to ventricular muscle activation, although later portions might have a contribution from this source.
The H-V time defines activation of the His-Purkinje system prior to ventricular activation. Consequently, the inscription of the G complex during that interval and the proportional effects of procainamide on the G complex and the H-V time support the inference that the G complex represents potentials generated by the His-Purkinje system. In figure 5 , after the administration of procainamide, the H-V time became dependent upon the heart rate.'8 Concomitantly, the configuration of the G complex became dependent upon the heart rate, in contrast to findings in the untreated animal. Procainamide may cause alteration in the sequence and timing of activation of the His-Purkinje system which in turn may account for the altered morphology of the G complex under these experimental conditions. Procainamide consistently prolonged H-V and G-V times at any given heart rate (see table 1 ).
If indeed the G complex is the result of His-Purkinje activity, then does the G complex truly represent the composite lead vector of these structures? Probably not, since filtering (80-300 Hz) changes the configuration of the His-Purkinje depolarization wave producing a differentiated waveform. Such filtering is necessary for there are low frequency components in the P-R segment which do not become evident until high gain is used. In any event, the definitive determination that the G complex is actually the result of His-Purkinje activation must await further verification based on various physiological tests.
In order to obviate the need for pacing it is necessary that a different scheme of signal averaging be used. Rather than analysis of an interval occurring after the pacing impulse, it is suggested that accurate R wave detection and an appropriate computer program will allow averaging of information prior to the QRS. Thus, pacing would no longer be necessary, but the use of a programmed digital computer would be required. This pretrigger of signal averaging would also eliminate the variable A-V nodal delay whose lability can interfere with the acquisition of valid averaged signals. This approach could be used in man as a noninvasive access to the His-Purkinje system.
